The structural features that affect continuity of ultrathin diffusion barriers on porous low-dielectric-constant ͑k͒ thin films has been investigated. The dimensions of interconnected nanopores in a series of Dow Corning XLK films are found to increase as the dielectric constant becomes smaller. The minimum thickness required for tantalum ͑Ta͒ to form a continuous barrier layer is affected by the pore size and surface roughness of the porous low-k films according to positronium annihilation lifetime spectroscopy analysis. The films with large pores require thick barrier layers to form effective diffusion barriers. The surface roughness of the porous films as observed by atomic force microscopy has a significant influence on the continuity of diffusion barriers. The integration of copper with porous ultralow-k interlayer dielectrics ͑ILDs͒ has attracted significant interest because the combination will lead to additional performance improvement in reducing the resistance-capacitance ͑RC͒ time delay of integrated circuits. 1 However, Cu is known to have high diffusivity into most of the promising ILD materials, and the presence of Cu in the pores of low-k materials results in serious device degradation and failure. Therefore, it is necessary to separate the Cu interconnect lines from the surrounding ILD by thin liner/barrier layers.
The liner materials must satisfy a number of diverse specifications, including good continuity and conformality in aggressive device structures ͑devices with small feature size and deep trenching with high aspect ratios͒ in order to perform as a viable diffusion barrier. In addition, the barriers must be very thin in order to maintain the advantage of low effective resistance or capacitance achieved through combination of Cu and low-k materials. [1] [2] [3] The tradeoff between continuity and thickness places stringent requirements on barrier integrity and stability, especially in Cu/porous low-k integration schemes where the ability to form a continuous barrier layer may be greatly affected by the presence of porous structure underneath and its attendant surface roughness. 4 Hence, it is fundamentally important to understand the effects of such film properties as pore size and distribution, surface roughness, and processing procedures on barrier continuity. Most studies to date 5 have monitored electrical property degradation after integration processing without directly determining the underlying physical mechanisms involved. The simple reason for this is the relative shortage of analytical techniques for characterizing pores, thin-film continuity, and Cu diffusion, all at the 1-10 nm scale.
In the last several years positronium annihilation lifetime spectroscopy ͑PALS͒ has become an established technique for probing nanoporous structures. [6] [7] [8] [9] More recently, we have shown the sensitivity of PALS to Cu interdiffusion and demonstrated how to use PALS to determine whether a diffusion barrier on an open-pored low-k film is continuous. 10 PALS can detect nanopore sizes and distributions by correlating the annihilation decay lifetime of positronium ͑Ps, the electron bound state with its antiparticle, the positron͒ with the dimensions of closed pores. 11 In interconnected pores, however, Ps can diffuse over long distances ͑on the order of micrometers 7 ͒ within the interconnected porous network and can often easily escape from the film into vacuum. Ps diffusion is illustrated schematically in Fig. 1a . The detection of copious Ps in vacuum signals interconnected film porosity and the presence of open paths in the surface region to the vacuum system. Such escaping of Ps can be prevented by a continuous top layer, an effective Ps diffusion barrier ͑Fig. 1b͒. It has been observed that small pinholes or discontinuities in the barrier itself ͑Fig. 1c͒ can form a passage allowing Ps to escape into vacuum, which can easily be detected by PALS. 10 It was also found that the pinholes or discontinuities that allow Ps to escape into vacuum are very likely to form open passages through which Cu atoms ͑or ions͒ can penetrate readily into the dielectric and degrade the electrical properties. Fortunately, possible Cu diffusion through a discontinuous barrier into a porous low-k ͑with interconnected pores͒ film can be correlated with easily detectable Ps vacuum signals in PALS.
In this work, we use the methodology developed in our previous work 10 to explore the interrelated effects of pore size and low-k film surface roughness on diffusion barrier continuity. From previous work, 10 we found that Ta is more effective as a diffusion barrier than TaN; thus, Ta is chosen in this paper. PALS is used to determine the minimum thickness of Ta required to form an effective diffusion barrier on a series of chemically similar films where the average film pore size can be systematically varied. In addition, we find that the minimum thickness of Ta to form an effective diffusion barrier also depends on film roughness as well as pore size. To complement and compare with PALS, atomic force microscopy ͑AFM͒ has been used on each film as a measure of surface roughness. Our goal is to understand these structural effects on barrier continuity, which should enable one to control or optimize the materials and/or processing in order to minimize barrier thickness as required for advanced integrated circuits. 
Experimental
A series of blanket nanoporous XLK films on silicon wafers were supplied by Dow Corning Corporation. The thin films are processed by spin-coating a solution onto a silicon wafer, treating the as-spun film with moist ammonia, and then thermally curing the film. The initial solution was comprised of hydrogen silsesquioxane resin and two solvents. Methyl propyl ketone, a low-boiling solvent, was used to control the thickness of the as-spun film. The second solvent, tetradecane, which has a high boiling point, remained with the resin in the as-spun film. The ratio of the resin to high-boiling solvent tetradecane is adjusted to control the porosity and hence the dielectric constant of the film ͑and the average pore size͒. After spincoating, the as-spun film was exposed to moist ammonia to cause the film to gel in the presence of the tetradecane solvent. A hot-plate step of 150°C is used to evaporate the low-boiling-point methyl propyl ketone solvent. The remaining tetradecane was then removed by subsequent heating steps, which included a final cure in the range 400-450°C. These films are about 1 m thick, with dielectric constant ͑k͒ varying from 1.5 to 2.5.
All the XLK films have interconnected pores as observed by the copious escape of Ps into vacuum. In order to enable PALS measurement of average pore sizes, capping layers on these films are required. A capped specimen for each sample was prepared by uniwere sputter-deposited onto the XLK films in Ar with 7 mTorr total gas pressure using an Ener-Jet Sputter Coater. To compare the effect of surface roughness on barrier continuity, we have also investigated a porous Nanoglass A10C film, supplied by International Sematech. 10 Ta diffusion barriers of 25 and 35 nm were sputterdeposited on this film. The surface roughness on each uncapped and unbarriered low-k film was measured using a Digital Instruments NanoScope III AFM. A 1 ϫ 1 m area was scanned using the tapping mode.
A detailed instrument setup and the measurement methods of the PALS technique appear elsewhere. 6, 7, 10 PALS spectra with 10 7 events were acquired at room temperature with a positron beam and fast lifetime system with a resolution of ϳ500 ps. The Fortran program POSFIT was used for lifetime fitting.
Results and Discussion
A typical PALS spectrum acquired at a positron beam implantation energy of 5 keV using an uncapped XLK film is plotted in Fig.  2 . The prompt peak is a convolution of fast positron and Ps decay, which does not provide information about the nanoporous structure in these materials and is neglected in the following discussion. The only signal of interest in these films is due to the copious Ps ͑20-30%͒ that annihilates with a vacuum lifetime about 140 ns. This unusually high vacuum Ps intensity indicates that there are highly interconnected pores that provide a readily accessible diffusion path into vacuum. A capping layer is required to prevent such escape of Ps by sealing off the open paths to vacuum.
The annihilation lifetime spectra of the capped samples are plotted in Fig. 3 . They typically require two long-lived Ps components for acceptable fitting, as shown in the inset of this figure. Only a small fraction of Ps annihilates with the vacuum lifetime of 140 ns ͑Fig. 4͒, which is due to electron capture by backscattered positrons from the incident beam. Such ''backscattered Ps'' is an ever-present effect when using positron beams and is present in the uncapped films as well but hidden in the high vacuum intensity of escaping Ps. The second component of Ps annihilating in the capped film has an intermediate lifetime, which is the intrinsic lifetime of Ps confined to the nanopores, as plotted in Fig. 5 . These lifetimes are significantly reduced from the Ps vacuum lifetime and are correlated with the average pore sizes. Since the pores are highly interconnected, we use an infinitely long cylindrical pore model to deduce pore diameter ͑one possible visualization of such an interconnected network is illustrated in Fig. 6͒ . According to the extended Tao-Eldrup model, 11 the average pore diameters are determined and plotted in Fig. 7 . As can be seen, there is a clear trend between pore sizes and dielectric constant values. High-k and hence low porosity films tend to have small pores. Because all these films are made from the same procedure, varying only the porosity and the pore sizes, other material and/or process-dependent factors that can affect the continuity of the diffusion barrier, such as wettability of the barrier material to the low-k films, are considered to be similar for all the films.
The Ps vacuum intensities and Ps film lifetimes at 5.0 keV of the barriered films, along with the corresponding values determined in the capped films, are plotted in Fig. 4 and 5. The vacuum intensities of Ps in the XLK2.2 and XLK2.5 films ͑average pore diameter 3.8 and 2.7 nm, respectively͒ are consistent with that of backscattered Ps as determined from the capped films, even though only 5 nm Ta was deposited as the barrier layer. The Ps lifetimes measured in the mesopores agree with those determined in the capped films. All these results indicate that a 5 nm Ta barrier is thick enough to form a continuous layer on XLK2.2 and XLK2.5 and no structural pore change evidenced by any change in Ps lifetime is observed. Therefore, we can draw the conclusion that the minimum barrier thickness is no more than 5 nm for these two films. We do not consider thinner barriers at this point.
A Ta barrier only 5 nm thick, however, is not found to be completely effective in preventing Ps diffusion out of the XLK2.0 film, which has an average pore diameter of 4.5 nm. The Ps vacuum intensity of this film ͑Fig. 4͒ is about twice as high as that expected just from backscattered Ps. We believe that there must be some pinholes or discontinuities in the barrier layer. With a thermal velocity of 3 ϫ 10 6 cm/s, Ps will have an average diffusion length of several micrometers in interconnected pores and make tens of thousands of attempts to probe the surface region within its lifetime. It can be very sensitive to any pinholes or discontinuities in the barrier layer 10 and can signal their presence by the escape of Ps ͑Fig. 1c͒, which is readily manifested by a telltale 140 ns component in the fitted PALS spectrum. The existence of open paths for Ps to escape through the Ta barrier layer is further supported by the reduced fitted Ps film lifetime shown in Fig. 5 . It is generally found that a reduced Ps lifetime is fitted when Ps can escape into vacuum. 12 All these factors point to the conclusion that the 5 nm Ta barrier is not continuous on the XLK2.0 film. When the barrier becomes 15 or 25 nm thick, no escaped Ps is detected and the Ps lifetime is equally as long as that of the oxide capped film. This indicates the formation of a continuous layer, which prevents any Ps atoms from escaping into vacuum despite their many collisions with the barrier. Therefore, we conclude that the minimum Ta barrier thickness for the XLK2.0 film lies between 5 and 15 nm.
The most obvious feature in Fig. 4 is the extraordinarily high vacuum intensity of Ps in the 15 nm Ta-barriered XLK1.5 film. The barrier is clearly not continuous on this film, which has the largest pores ͑7 nm͒ of these XLK films. When 25 nm Ta is deposited onto this film, the vacuum intensity of Ps is only slightly higher than that of backscattered Ps and the Ps film lifetime is marginally lower than that determined in the oxide-capped film. There could be small amounts of Ps leaking into the vacuum through defects in the barrier layer. Although the 25 nm Ta barrier may still not be perfectly continuous as a diffusion barrier, it dramatically improves the continuity compared to the thinner 15 nm barrier. We believe 25 nm is a lower bound on ͑and very close to͒ the minimum barrier thickness required for XLK1.5 film. These results indicate that pore size can affect the minimum barrier thickness. Not surprisingly, thick diffusion barriers tend to be required for films with large pores in order to form a continuous and effective barrier layer.
Similar experimental analyses have been made on Nanoglass A10C films. 10 PALS results indicate that the porous film has highly interconnected pores and the average pore diameter is 7 nm, about the same as that of XLK 1.5. After depositing 25 nm of Ta on top of the porous A10C, we find almost all the Ps still escapes into vacuum, which indicates that this barrier is far from being continuous. ͑In fact, pinholes have been observed in the 25 nm thick Ta barrier.
10
͒ This result contrasts with the XLK 1.5 film results where 25 nm Ta was nominally the minimum critical thickness. In this case we suspect that differences in the surface roughness may produce the disparate results.
AFM tests were performed on the surface of the A10C and XLK films and the 3-dimensional surface images are presented in Fig. 8 . The average root-mean-square ͑rms͒ roughness and the maximum roughness of each film are listed in Table I . The histograms of peak height profile obtained from the AFM images are shown in Fig. 9 . The A10C film has the roughest surface of all the films. The peaks spread in a wider range of height compared to those in the image of the XLK1.5 film. A good fraction of peaks are in the range 4-25 nm in height. A small but noticeable fraction of the peaks exceeds 25 nm in the A10C film. Indeed, a barrier of 35 nm is required to cap this film. 10 The peaks in the XLK1.5 film are normally distributed from 5 to 15 nm in height with tails on both sides, and PALS has observed Ps leakage in this film with a 15 nm Ta barrier. It appears that the height/depth of the peaks/valleys at the extreme end of the profile affect the barrier layer continuity ͑as monitored by escaping Ps͒, even if they occupy only a small fraction of the surface area.
Assuming uniform deposition, the barrier should not need to be thicker than the maximum depth, as can be naively perceived in the scenario of snow-covering mountains. However, the surface morphology can affect the ability of the barrier material to spread conformally on the surface area, especially in a physical vapor deposition ͑PVD͒ method such as sputter deposition. In general, it is difficult to completely cover a sharp and tall peak due to the high aspect ratio and the surface energy. This applies to the A10C film, which tends to have more numerous ''spiky'' peaks while the XLK films have relatively smoother surfaces and thinner minimum barrier thickness. Moreover, Ps with a lateral diffusion length on the order of a micrometer, 10, 12 may have its vacuum escape probability saturate with only a few pinholes in an area of 1 ϫ 1 m ͑which is also the size of the AFM scanning region͒. Hence, PALS results may be dominated by the few largest peak-to-valley spots that are not clearly presented on the AFM roughness histogram. Furthermore, there is concern about the diffusion of barrier material into the porous films, especially with films possessing big, open pores, as has been observed in the A10C film. 10 In this case, the barrier appears to be thinner locally and this could become a ''leaky'' spot for Ps to escape. Therefore, barrier layers are required to be at least thick enough to cover these deep valleys. As a matter of fact, we have observed herein that the minimum barrier layer thickness determined in PALS is equal to or larger than the maximum AFMdetected depth for each of the films. Based on the discussion, it is clear that the surface roughness and average pore size indeed affect the minimum barrier layer thickness of films with interconnected porosity. Meanwhile, the surface roughness is also inherently correlated with the pore size, as we have seen with the XLK films. The films become rougher as the pore sizes grow and correspondingly, thicker layers are required to be effective, continuous barriers. Processes that can produce smaller pores and smoother film surfaces should be preferred to minimize the barrier layer. Deposition methods that can achieve better conformality can also be considered. Nevertheless, PALS provides a quick and straightforward check for candidate barrier materials and thicknesses.
Conclusions
We have studied diffusion barrier continuity on porous lowdielectric thin films with interconnected porosity. A series of Dow Corning XLK films are made from the same manufacturing procedures with different dielectric constants. Pore sizes are found to change inversely with the dielectric constant, while the minimum barrier layer thickness is found to increase with pore size. AFM analysis indicates that increasing pore size produces greater surface roughness, which by itself can have a dramatic influence on the barrier continuity after comparing the two films which have the same pore size. Thicker barriers are required in order to form a continuous, effective layer on a rougher surface with sharp peaks. This work should shed light on understanding the factors that can affect barrier efficacy in order to minimize diffusion barrier thickness and optimize device performance and reliability.
